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Abstract

Cytotoxic T lymphocyte antigen-4 (CTLA-4) is an essential negative regulator of T cell
responses. However, investigation of the function of CTLA-4 on mature T cells has been
challenging, since mice with germline CTLA-4 deficiency develop lethal inflammation
early in life. To elucidate the function of CTLA-4 on mature T cells, we have examined
the function of CTLA-4 using conditional ablation in adult mice. Here, we show that in
contrast to germline knockout mice, deletion of CTLA-4 during adulthood does not
precipitate systemic autoimmunity, but surprisingly confers protection from experimental
autoimmune encephalomyelitis (EAE), a model of multiple sclerosis. Protection from
disease was accompanied by activation and expansion of both conventional CD4"
Foxp3™ (Tconv) and regulatory Foxp3® (Treg) T cell subsets; however, deletion of CTLA-
4 on Treg was necessary and sufficient for protection. CTLA-4 deleted Treg remained
functionally suppressive and induced profound changes in the CTLA-4 sufficient Tconv
compartment, characterized by upregulation of immunoinhibitory molecules including IL-
10, LAG-3 and PD-1, which mirror the changes seen with global CTLA-4 deletion.
Taken together, our findings point to a profound role for CTLA-4 on Treg in limiting their
peripheral expansion and activation, thereby shaping the phenotype and function of

Tconv.



Introduction

While the specificity of T cell activation is determined by the interaction of antigenic
peptide-MHC complex and the T cell receptor (TCR), the functional outcome of the T
cell response is profoundly influenced by costimulatory and coinhibitory signals. The
coinhibitory receptor CTLA-4 (cytotoxic T lymphocyte antigen-4; CD152) is a potent
negative regulator of T cell responses (Fife and Bluestone, 2008; Sharpe and Freeman,
2002). CTLA-4 is a structural homolog of the costimulatory receptor CD28, and binds
with high affinity to the same ligands, B7-1 (CD80) and B7-2 (CD86), which are primarily
expressed by antigen-presenting cells (APC) (Freeman et al., 1993; Freeman et al.,
1991; Harper et al., 1991; Linsley et al., 1991). However, while CD28 is constitutively
expressed on most T cells, CTLA-4 is constitutively expressed only on CD4'Foxp3*
regulatory T cells (Treg) (Metzler et al., 1999; Read et al., 2000; Takahashi et al., 2000),
and appears on CD4"Foxp3™ conventional T cells (Tconv) following activation (Freeman
et al., 1992; Linsley et al., 1992; Walunas et al., 1996). Germline CTLA-4 deficient mice
develop marked lymphocyte proliferation, resulting in splenomegaly, lymphadenopathy,
myocarditis, pancreatitis, hepatitis, lung inflammation, and death within the first month of
life (Tivol et al., 1995; Waterhouse et al., 1995). CTLA-4 has been implicated as a
susceptibility gene in human autoimmune diseases, with several disease-associated
polymorphisms reported (Gough et al., 2005; Scalapino and Daikh, 2008; Ueda et al.,
2003). Furthermore, anti-CTLA-4 antibodies have demonstrated efficacy in enhancing
antitumor immune responses in cancer patients (Hodi et al., 2010; Robert et al., 2011),
and the anti-CTLA-4 monoclonal antibody ipilimumab is now approved by the U.S. Food

and Drug Administration (FDA) as an anti-tumor therapy.



Despite the striking phenotype of the CTLA-4 deficient mouse, the mechanisms
by which CTLA-4 restrains T cell activation remain controversial. Initial studies pointed
to a cell-intrinsic role; a tyrosine-containing motif in the cytoplasmic tail of CTLA-4 is
responsible for recruitment of phosphatases SHP-2 and PP2A, which leads to inhibition
of signaling downstream of TCR (Chuang et al., 2000; Chuang et al., 1999; Cilio et al.,
1998; Lee et al., 1998; Marengere et al., 1996). In addition, CTLA-4 signaling, as well as
exclusion of CD28 from the immunological synapse due to preferential binding of CTLA-
4 to B7 molecules, results in less activation of NF-kB, NFAT and AP-1, and inhibition of
proliferation and IL-2 secretion (Fraser et al., 1999; Greenwald et al., 2002; Krummel
and Allison, 1996; Olsson et al., 1999). The cytoplasmic domain of CTLA-4 is also
necessary for impaired TCR signaling in Treg (Tai et al., 2012), and CTLA-4-mediated
recruitment of PKC-n to the immunological synapse in Treg leads to inhibitory signaling
through the PIX-GIT2-PAK2 complex (Kong et al., 2014).

While a number of studies support cell-intrinsic mechanisms of CTLA-4 function
(Ise et al., 2010; Jain et al.,, 2010), there are also data supporting cell-extrinsic
mechanisms of CTLA-4 function. Mixed bone marrow (BM) chimeras made using wild
type and CTLA-4 deficient BM are healthy, whereas chimeras reconstituted with CTLA-
4-deficient BM stem cells alone develop a fatal autoimmune phenotype similar to that of
germline CTLA-4 deficient mice (Bachmann et al., 1999), suggesting a cell-extrinsic
(i.e., trans-acting) function for CTLA-4 in immunoregulation.

Cell-extrinsic mechanisms of CTLA-4 function are most likely achieved by
interactions of a CTLA-4-expressing cell with a B7-expressing cell. CTLA-4 has been

suggested to down-regulate B7-1 or B7-2 on APC, either by indirect suppression of the



APC, signaling through B7, or direct trans-endocytosis of B7 (Fallarino et al., 2003;
Onishi et al., 2008; Qureshi et al., 2011; Wing et al., 2008). Foxp3" Treg are known to
act via a dominant, trans-acting function, and the Ctla4 gene is a transcriptional target of
Foxp3 (Wu et al., 2006; Zheng et al., 2007). Mice specifically lacking CTLA-4 on Treg
(throughout development) die of an autoimmune syndrome similar to that seen in CTLA-
4 deficient mice, albeit with delayed kinetics (Wing et al., 2008). In addition, the health
of mixed blastocyst and bone marrow chimeras has been shown to depend on the
ongoing presence of CTLA-4-sufficient Foxp3"* Treg (Friedline et al., 2009).

Treg are present (in fact, expanded) in CTLA-4-deficient mice, suggesting that
this molecule is not required for Treg differentiation (Schmidt et al., 2009; Tang et al.,
2004). However, there is substantial support for the concept that CTLA-4 is essential for
Treg suppressive function, despite ongoing controversy (reviewed in Walker, 2013).
Multiple studies of antibody-mediated CTLA-4 blockade suggest a role for CTLA-4 in
Treg suppressor function (Liu et al.,, 2001; Read et al., 2006; Read et al., 2000;
Takahashi et al., 2000). However, CTLA-4-deficient Treg are capable of suppressing
disease in colitis and EAE models (Read et al., 2006; Verhagen et al., 2009), although
not in an adoptive transfer model of diabetes (Schmidt et al., 2009).

The role of CTLA-4 in thymic development has also been controversial. Some
studies have not revealed a role (Chambers et al., 1997; Schmidt et al., 2009), while
others have shown that CTLA-4 plays a role in negative selection (Buhlmann et al.,
2003; Cilio et al., 1998; Takahashi et al., 2005; Wagner et al., 1996), modulating the
TCR repertoire and inhibiting natural Treg generation (Verhagen et al., 2009; Verhagen

et al.,, 2013). CTLA-4 likely opposes the critical role for CD28 in promoting negative



selection and thymic Treg differentiation (Punt et al., 1997; Punt et al., 1994; Salomon
et al., 2000; Tai et al., 2005; Tang et al., 2003). The lack of a murine model in which
CTLA-4 can be deleted on mature T cells in adult mice has led to ambiguity on the role
of CTLA-4 in Treg function, and more generally in peripheral tolerance.

To dissect the function of CTLA-4 during adulthood, we have developed a model
system in which conditional ablation of Ctla4 can be pharmacologically induced by
tamoxifen administration. Using this approach, we demonstrate that adult mice lacking
CTLA-4 not only fail to develop spontaneous autoimmunity, but are also protected from
development of experimental autoimmune encephalomyelitis (EAE). Protection from
EAE is accompanied by marked expansion of functional Treg. Inducible deletion of
CTLA-4 only on Treg in adult mice recapitulates both EAE protection and its underlying
cellular phenotypes, indicating that loss of CTLA-4 function on Treg is responsible for
protection from disease. Studies of gene expression show upregulation of an
immunosuppressive gene expression profile in CTLA-4-deficient Treg and Tconv. Thus,
CTLA-4 is not absolutely required for suppressive function of Treg, but, rather, has a
Treg-intrinsic role in limiting peripheral Treg expansion and activation, and in altering

their capacity to control Tconv.



Results

Deletion of Ctla4 during adulthood does not cause autoimmunity
Due to the limitations in using the germline Ctla4 knockout mouse to study CTLA-4
function, we generated a novel C57BL/6 strain harboring a conditional Ctla4 allele (Fig.

S1). To validate this mouse strain, we crossed Ctlad"" to Lck©™®*

mice to generate
Lck©®* Ctlaa™ mice, which would delete Ctla4 in T cells expressing Lck during thymic
selection. These mice displayed a very similar phenotype to germline Ctla4 knockout
mice, developing massive lymphadenopathy and dying by 28 days of age (data not
shown).

In order to study the role of CTLA-4 during adulthood, we crossed the Ctla4""
strain to a tamoxifen-inducible Cre recombinase-expressing strain, UBC®™®ER™ The
resulting UBCC"™ER™*Ctla4™" mice were treated with tamoxifen daily for five consecutive
days beginning at seven weeks of age. Within seven days of initial administration of
tamoxifen, CTLA-4 mRNA expression in splenocytes from UBC®"®5R™2*Ctlaa™ mice was
substantially reduced compared to UBCS™®ER™Ctlad" controls as assessed by
quantitative RT-PCR (Fig. S2). Deletion of CTLA-4 at the protein level was measured
by co-staining with antibodies against Foxp3 and CTLA-4 eleven days after initiation of
tamoxifen treatment. Splenic Foxp3® regulatory T cells (Treg), which are normally
91.24+2.09% positive for CTLA-4 in UBC®®®R™Ctlad" mice were reduced to
7.00+3.34% positive in UBC®®ER™2*Ctla4™ mice (Fig. 1A). While Foxp3™ conventional T
cell (Tconv) populations normally express lower levels of CTLA-4 than Treg, a reduction
in CTLA-4 staining on this population was also observed. Deletion on this non-Treg

subset was confirmed by staining cells after in vitro stimulation with anti-CD3 (data not



shown). We monitored tamoxifen-treated mice over a period of six months and no overt
disease was observed in UBCS™ER™#*Ctla4a™ mice when compared with UBCC*/ERT>
Ctlaa"" littermates or vehicle-treated controls; histological analysis of several tissues of
these mice revealed no abnormalities (Fig. S3). Thus, profound, inducible deletion of
Ctla4 in adult mice does not result in a spontaneous lethal inflammation phenotype in

contrast to germline Ctla4 knockout mice.

Deletion of Ctla4 in adult mice induces resistance to EAE

Since adult UBC®"®&RT2*Ctla4" mice treated with tamoxifen are healthy, we investigated
the consequences of inducing autoimmunity in this strain by immunization with the self-
peptide MOG3s.s5 to induce EAE. In contrast to UBCS"®R"2Ct/la4™ |ittermate controls,
which developed disease, UBCS™®ER™2*Ctlaa™ mice were markedly resistant to EAE
(Fig. 1B and Table 1). Consistent with clinical disease score, UBC " R™*Ctla4"™ mice
had fewer inflammatory foci in the brains and spinal cords than their littermate controls
(Fig. S4 and Table I).

We next compared the phenotype of T cells in the cervical lymph nodes (cLN;
draining the central nervous system) of control and UBC®® R™*Ctlaa™ mice 14 days
after immunization with MOG3s.55. Within the CD4" T cell subset, both Foxp3™ Treg and
Foxp3™ Tconv cells were expanded in UBCS"®&R"2*Ctla4"™ mice when compared to
UBCERT2Ctlaa™ mice, with the proportional increase of Treg being greater (Fig. 2A,
B). In addition, intracellular Ki-67 staining was increased in both subsets, suggesting
increased peripheral expansion of these cells (Fig. 2C). Analysis of CD62L and CD44

surface staining revealed Tconv, and to a lesser extent Treg, from the



UBCCERT2*Ctla4™ mice to be more activated than those from control mice (Fig. 2D).
These differences were also observed in the spleen and inguinal lymph node (draining
the site of immunization) and observed prior to immunization (by 8 days after initial
administration of tamoxifen; Fig. 1A and data not shown). In the central nervous system
(CNS), at the onset of disease, we found a similar frequency of total CD4" T cells in
both groups (data not shown), and an increase in the frequency of Treg in
UBCC"®ERT2*Ctla4"™ mice (Fig. 2E) similar to that observed in the periphery. Treg in the
CNS of UBCS™®ER™'Ctlaa™ mice were profoundly deleted for CTLA-4, as in the
periphery. Thus, deletion of CTLA-4 in adult mice and resistance to autoimmunity is
characterized by expansion and increased activation of Tconv, but a proportionally

greater expansion of Treg both in the periphery and in the target tissue.

Resistance to autoimmunity is dependent on CTLA-4 deletion on Treg
In order to determine if resistance to EAE is caused by the absence of Ctla4 during
thymic selection, we adoptively transferred mature CD4" T cells from either UBCC"®ERT
Ctlaa" or UBCC™ERT2*Ctla4"™ mice into TCR«™ recipients, which were then treated with
tamoxifen and immunized with MOG3sss5 to induce EAE. Recipients of
UBCC"™ER™*Ctla4"™ T cells were protected from EAE, recapitulating the protection seen
in tamoxifen-treated, intact UBC"ER™2*Ctla4a™ mice (Fig. 3A). In this setting, we again
observed expansion of both Treg and Tconv when Ctla4 was deleted (data not shown).
Thus, deletion of Ctla4 on mature CD4" T cells can lead to EAE resistance.

The expansion of both Tconv and Treg populations upon CTLA-4 deletion led us

to investigate the impact of Ctla4 deletion on Tconv versus Treg. We first assessed



whether an antigen-specific Tconv population could transfer disease when Ctlad is
deleted. To address this issue, we bred UBCC™®ERT2*Ctla4" mice to mice bearing the
2D2 transgenic T cell receptor (TCR), specific for MOG3s.55. We transferred 2D2 TCR
transgenic CD4" T cells from UBC®®ER™Ctla4™ or UBCC"ER™2*Ctla4™ mice to Ragl”
recipients and immunized with MOGgs.55 concurrently with tamoxifen treatment. Both
2D2"UBCC"®ERT2*Ctla4" and 2D2" UBC®™®ER™>Ctlad™ T cells were able to transfer
disease (Fig. 3B). Additionally, we sorted CD4'Foxp3-GFP™ T cells from non-TCR
transgenic UBC®®ER™2*Ctla4™ and UBCC™®R™>Ctla4"™ mice and transferred these to
TCRa” recipients, which were then treated with tamoxifen and immunized with MOGss.
s5. Both UBCC™®ERT2*Ctla4" and UBCC®ER™2Ctlaa" CD4*Foxp3-GFP™ T cells were able
to induce disease (Fig. S5). Furthermore, IL-17F<"**Ctla4a™ mice, which were deleted for
Ctla4 on a subset of CD4" effector T cells, displayed identical disease susceptibility to
their littermate controls (data not shown). Thus, effector CD4" T cells that lack Ctla4 are
able to become pathogenic and do not appear to be responsible for the EAE resistance
of mice in which Ctla4 is deleted during adulthood.

We next asked whether deletion of Ctla4 only in the Treg compartment would
recapitulate resistance to EAE. We bred the Ctlad"™™ mouse to a Foxp3°CFP/Cre/ERT2
mouse (Rubtsov et al., 2010) to enable tamoxifen-inducible deletion of Ctla4 specifically
on Treg. Tamoxifen treatment of adult mice resulted in deletion of CTLA-4 on Foxp3*
Treg to a similar degree to that achieved in the UBC"®ERT2*Ctla4"™ mice, while CTLA-4
expression on CD4'Foxp3~ cells was unchanged (Fig. 3C). After tamoxifen treatment,
mice were immunized with MOGg3s.55 to induce EAE. EAE developed in control mice

(either non-Cre-expressing Ctlad" Foxp3°¢FPCeERT2C a4 or Foxp3°CFr/CreERT2Cig ™



mice), but not in Foxp3®CTP/CreERT2CHaa" mice (Fig. 3D and Table I1). The degree of
protection was profound and comparable to that observed in UBC"®ERT2*Ctla4" mice.
Thus, deletion of CTLA-4 specifically on Treg, during adulthood, leads to protection from

induced autoimmunity.

CTLA-4 governs a Tconv-intrinsic effect on expansion

Since CTLA-4 deletion on Tconv alone failed to confer protection from EAE, we
guestioned whether there might be a functional role for CTLA-4 deletion on Tconv in a
different setting. Taking advantage of the ability of our model to distinguish roles of
CTLA-4 on Tconv versus Treg, we targeted deletion of CTLA-4 specifically to Tconv by
transferring Treg from UBCS™®®R> mice together with Tconv from either
UBCC™®ERT2* Ctlag™ or UBCC™®ER™'Ctla™* mice into TCRa” recipients that were
subsequently treated with tamoxifen. Input Tconv were distinguished from Treg by the
expression of a Cre reporter (ROSA26-tdTomato). We found that targeted deletion of
CTLA-4 on Tconv led to expansion of Tconv, but not Treg (Fig. 4), suggesting that
CTLA-4 expression on Tconv, while insufficient to confer disease protection, does

restrain the homeostatic expansion of Tconv.

Treg deleted for CTLA-4 during adulthood are functional

Several studies have reported that CTLA-4 is necessary for Treg function. Therefore,
we next assessed the function of Treg in which Ctla4 was inducibly deleted using a
combination of in vitro and in vivo assays. To assess the suppressive function of CTLA-

4 deleted Tregs in vitro, we co-cultured wild-type versus CTLA-4 deleted Tregs (from



tamoxifen treated UBCC™ER™2*Ctlad™ mice) in the presence of wild-type Tconv and
APCs (live dendritic cells), and stimulated with anti-CD3. In this assay, Tregs lacking
CTLA-4 were able to suppress Tconv proliferation in vitro; suppression at a 1:1 ratio of
Treg:Tconv was equal to controls, while a slight decrease in suppressive capacity of the
deleted Tregs was observed at a 1:4 ratio (Fig. 5A).

To assess Treg function in vivo, we developed an assay for suppression of
homeostatic proliferation in lymphopenic mice. Wild-type Tconv were transferred to
Ragl”™ hosts in the presence or absence of co-transferred Treg from
UBCC®ERTZ* Ctlag™ or UBCC™®ER™*Ctlad™" mice. Recipient mice were treated with
tamoxifen to induce CTLA-4 deletion in Tregs, and homeostatic proliferation of the
transferred Tconv was quantitated 10 days following initial tamoxifen administration (on
the day of transfer). We found that CTLA-4 deleted Treg were equivalent, if not better,
than control Treg at suppressing homeostatic proliferation in vivo (Fig. 5B). The number
of Treg obtained at the end of the assay was not significantly different between groups,
suggesting that, on a per cell basis, CTLA-4-deficient Treg have suppressive capacity
equal to that of control Treg. Taken together, these data indicate that Treg lacking

CTLA-4 maintain their ability to suppress T cell proliferation in vitro and in vivo.

Treg lacking CTLA-4 impose an overabundance of IL-10 and increased
expression of co-inhibitory receptors

Taken together, our data suggest that while deletion of CTLA-4 in mature T cells leads
to increased activation of Tconv, these cells are rendered functionally impotent by the

presence of Treg lacking CTLA-4, resulting in protection from EAE. To test this



hypothesis, we further characterized the phenotype of Tconv and Treg from
UBCC"®ERT2*Ctla4™ mice (in which CTLA-4 is deleted on both Tconv and Treg) by
performing a focused transcriptional analysis of CTLA-4 deleted Tconv and Treg using a
pathogenic Th1l7 Nanostring codeset (Lee et al., 2012; Yosef et al, 2013).
UBCC®ERT2*Ctla4™ and UBCC™ER™>Ctlad"™ mice were treated with tamoxifen and
immunized with MOGgss.55. At the peak of disease, RNA was isolated from Tconv and
Treg sorted from spleen and cLN. We found that both Treg and Tconv populations
adopt a gene expression signature associated with IL-10 production (Fig. S6). Among
the most upregulated genes in UBC™ERT2*Ctla4™ relative to UBC®™ER">Ctla4" Tconv
are Ahr (aryl-hydrocarbon receptor), EBi3 (shared IL27/IL35 subunit) and Icos; each of
these genes are involved in promoting the biology of IL-10 production and of type 1
regulatory-1 (Trl) cells, an IL-10-producing, Foxp3-negative regulatory T cell
population. When Treg are compared in a similar fashion, 1110, Prdm1 (Blimp-1) and
Icos are upregulated in UBC®®ER™*Ctlaa™ versus UBC®®ER™Ctla4" samples, also
suggesting that IL-10 production plays a significant functional role in conferring
protection from EAE upon CTLA-4 deletion. Consistent with this hypothesis, we
observe increased production of IL-10 by Tconv and Treg from CTLA-4-deleted mice,
relative to Tconv from control mice, during EAE (Fig. 6A). Although UBCC"®ERT2*Ctja4""
mice have a higher frequency of CD4" T cells from the cLN that produce the pathogenic
cytokines IFN-y and IL-17 compared to littermate controls (Fig. 6B), a larger proportion
of each of these subsets additionally produces IL-10, relative to the corresponding cells
from control mice (Fig. 6C). CD4" T cells lacking CTLA-4 also have increased surface

expression of the co-inhibitory molecules Lag3 and PD-1 on both Tconv and Treg in the



cLN (Figs. 6D and 6E), as well as in the spleen (data not shown). Taken together,
these data indicate that while CTLA-4 inhibits expansion of both Tconv and Treg, it also
acts to inhibit IL-10 production and the expression of co-inhibitory receptors; hence,
deletion of CTLA-4 results in overabundance of IL-10 and increased expression of co-
inhibitory receptors, which mediates resistance to EAE.

Lastly, we asked whether loss of CTLA-4 on Treg alone was sufficient to induce
the phenotypic changes in Tconv observed in UBCC™®ER™*Ctla4™ mice. Indeed, Treg

from FOXpSeG FP/Cre/ERTZCtIa4fI/fI

mice treated with tamoxifen and immunized with MOGg3s.
s5 showed strikingly similar cellular phenotypes to those observed in UBCC™ERT2*Ctla4""
mice. At time points at which control mice had ongoing disease, the CD4" compartment

of the cLN of FOXpBeGFP/Cre/ERTZCtIa4f|/f|

mice was as high as 60% Foxp3*, indicating a
massive accumulation of Treg (Fig. 7A). Moreover, both Treg and Tconv cells were
increased in number in these mice (Fig. 7B), and both the CTLA-4-deleted Treg
population and the CTLA-4 sufficient Tconv population displayed increased activation,
as measured by the percentage of CD62L°CD44" cells, and proliferation, as assessed
by Ki-67 staining (Figs. 7C and 7D). Furthermore, expression of IL-10, Lag3 and PD-1
was increased in both T cell subsets (Figs. 7E-G). These findings confirm that the
atypical pattern of Tconv activation, accompanied by increased expression of inhibitory

molecules, that we observe in UBC®™®ERT2*Ctla4™ mice, is driven by deletion of CTLA-4

specifically on Treg and independent of CTLA-4 expressed by Tconv.



Discussion

The dramatic, lethal phenotype of the germline CTLA-4 knockout mouse demonstrates
the potency of this molecule as an inhibitory receptor (Tivol et al., 1995; Waterhouse et
al., 1995). Since CTLA-4 is largely T cell-specific and constitutively expressed on Treg,
but is also inducibly expressed on Tconv upon activation, the question of the relative
contribution of CTLA-4 expression on Treg versus Tconv has been of great interest. In
these studies, we have developed genetic approaches to address this question,
uncoupling the role of CTLA-4 during development and in the adult immune system by
utilizing inducible Cre systems that delete CTLA-4 either ubiquitously or specifically on
Foxp3* Treg. By deleting CTLA-4 during adulthood, either on all cells or specifically on
Treg, we have uncovered a surprising phenotype of resistance to spontaneous and
induced autoimmune pathology. The underlying phenotype of T cells in these mice is
one of apparent activation, coupled with Treg expansion but increased production of
anti-inflammatory molecules. The distinct phenotype seen in our model, in contrast to
that seen with non-inducible deletion of CTLA-4, may reflect necessary roles for CTLA-4
during the neonatal period, at which time Treg develop in and exit from the thymus
(Asano et al., 1996). Since Lck“"®"Ctla4™ mice recapitulate the lethal phenotype of
germline Ctla4” mice (data not shown), we hypothesize that inducible deletion of CTLA-
4 during the neonatal period will recapitulate the germline knockout phenotype;
however, such an analysis is beyond the scope of the present study.

Several groups have demonstrated that mice chimeric for wild-type and CTLA-4-
deleted cells, either through adoptive transfer or bone marrow chimerism, are spared

the lethal phenotype of germline CTLA-4 knockout mice (Bachmann et al., 1999;



Friedline et al., 2009). In our system, while CTLA-4 is deleted on the vast majority of
cells, a small percentage of CTLA-4-expressing cells persists. We have treated UBC®™
ERT2*Ctla4™ mice with a blocking monoclonal antibody against CTLA-4 following
tamoxifen treatment, in an effort to neutralize the effect of any remaining CTLA-4" cells,
and have not observed any development of spontaneous autoimmunity or reversion of
EAE protection in these experiments (data not shown). Furthermore, we observe similar
frequencies of CTLA-4-deleted T cells in lymphoid organs and in the CNS during EAE
progression (Fig. 2C), arguing against CTLA-4-sufficient cells having a competitive
advantage in accessing or accumulating in the target organ.

We find that Treg with induced CTLA-4 deletion during adulthood are able to
suppress Tconv proliferation both in vitro and in vivo. During the pathogenesis of EAE,
we observe massive accumulation of Treg in the draining lymph node of CTLA-4-
deleted mice, and an increased proportion of Treg in the CNS at early time points of
disease. To explain the observed resistance to EAE in this setting, we propose that
CTLA-4 on peripheral Treg acts as a brake to inhibit Treg proliferation. When CTLA-4 is
absent, this constraint on Treg expansion is removed, and Treg accumulate
dramatically, while remaining functionally competent. It has been shown that CD28
regulates peripheral homeostasis of Treg (Tang et al., 2003), and that Treg-specific
deletion of CD28 leads to the generation of peripheral Treg that are unable to prevent
autoimmunity (Zhang et al., 2013). Our findings likely reflect the converse situation; that
is, loss of CTLA-4 leads to unrestrained CD28 signaling in Treg, resulting in Treg

expansion and ultimately in EAE resistance.



CTLA-4-deficient Treg are capable of preventing pathogenic responses of Tconv,
even if the Tconv themselves lack expression of CTLA-4. CTLA-4 deleted Treg may, in
some respects, resemble tumor Treg, which are very potent suppressors and drive the
development of dysfunctional/exhausted T cells. Interestingly, CTLA-4 deleted Treg
have increased Lag3, PD-1 and IL-10 expression, similar to highly suppressive TIM3"
Treg in the tumor microenvironment. As IL-10 has been implicated in development of T
cell exhaustion during chronic viral infection, it is possible that IL-10 serves as one
mechanism by which CTLA-4-deleted Treg could promote effector T cell dysfunction
(Sakuishi et al., 2013). The type Il IL-1 receptor IL-1R2, which indirectly reduces T cell
activation through its function as a decoy receptor for IL-1a and IL-1b, is increased in
CTLA-4 deleted Treg, suggesting another means by which CTLA-4 deleted Treg could
impair Tconv function.

Importantly, the proposed role for CTLA-4 in inhibiting peripheral Treg expansion
does not preclude it also functioning as a mediator of Treg suppression, as has been
demonstrated by many groups. Our data suggest that CTLA-4 is not required for the
ability of Treg to suppress Tconv proliferation, but that the net result of CTLA-4 loss in
vivo leads to protection from EAE. It may be that increased proliferation of Treg,
coupled with their increased production of anti-inflammatory cytokines, may
compensate for a per-cell Treg dysfunction that would become apparent in other
settings. CNS inflammation may be suppressible through CTLA-4-independent Treg
mechanisms, such as IL-10 production, when Treg are present in sufficient numbers,
which could explain why CTLA-4-deleted Treg are competent to suppress EAE.

However, in other models, the trans-acting function of CTLA-4 to modulate B7-



expressing cells may be more important. Thus, there seem to be opposing roles for
CTLA-4 on Treg: CTLA-4 appears to have an intrinsic function that acts as an inhibitor
of Treg proliferation which, by virtue of the functional nature of Treg, counters its
extrinsic function as a modulator of B7-expressing cells.

Our work does not reveal a necessary role for CTLA-4 on Tconv for the EAE
resistance that we have observed; we do, however, observe a Tconv-intrinsic role for
CTLA-4 in preventing T cell proliferation in our adoptive transfer experiments in which
we target CTLA-4 deletion only to Foxp3™ populations. Since CTLA-4 deletion on T cells
is likely to have an effect first on Treg (which constitutively express CTLA-4), the timing
of tamoxifen administration relative to disease onset may be relevant. It may be that
CTLA-4 deletion after activation of effector T cells would reveal a situation where the
inhibitory effects of CTLA-4 on Tconv are more significant.

Our data point broadly toward the concept that co-inhibitory receptors expressed
by Treg have inhibitory effects on the Treg themselves, with complex and, occasionally,
paradoxical impact on the immune response in certain settings. The use of anti-CTLA-4
mAb to unleash an effective immune response against cancer is already an FDA-
approved approach. However, the mechanisms by which these antibodies promote anti-
tumor immunity are not yet fully understood, and some data suggest that the therapeutic
effects of anti-CTLA-4 are being achieved through depletion of Treg (Bulliard et al.,
2013; Simpson et al., 2013). Our data suggest that the use of a non-depleting anti-
CTLA-4 antibody may, in fact, have undesired effects of promoting Treg proliferation
and production of anti-inflammatory molecules. Such considerations will become

increasingly important as the targeting of these molecules becomes a clinical reality.



Materials and Methods

Mice. Mice 6-10 weeks of age were used for all experiments. Wild-type C57BL/6 mice,
B6.Cg-Tg(UBC-cre/ERT2)1Ejb/J, B6.129S7-Ragl™™°™/J, B6.SJL-Ptprc® Pepc®/BoyJ,
B6.129S2-Tcra™Mo™/J and Foxp3™MOECFPIeERT2A 5 mice were purchased from The
Jackson Laboratory. 2D2 TCR transgenic mice (Bettelli et al., 2003) and Foxp3-GFP
reporter mice (Bettelli et al., 2006) were generated as described. All experimental mice
were housed in specific pathogen-free conditions and used in accordance with animal
care guidelines from the Harvard Medical School Standing Committee on Animals and
the National Institutes of Health. Animal protocols were approved by the Harvard

Medical School Standing Committee on Animals.

Antibodies and flow cytometry. Cells from lymphoid organs or CNS were isolated and
resuspended in staining buffer (PBS containing 1% FCS and 2 mM EDTA) and were
stained with the following directly labeled antibodies: anti-CD3 (145-2C11), anti-CD4
(RM4-5), anti-CD8a (53-6.7), anti-CD44 (IM7), anti-CD45.1 (A20), anti-CD45.2 (104),
anti-CD62L (MEL-14), anti-IL-10 (JES5-16E3), anti-IL-17F (9D3.1C8), and anti-IFNy
(XMG1.2, all from BioLegend). 7-aminoactinomycin D (7-AAD; BioLegend) was used
for exclusion of non-viable cells. For intracellular staining (anti-CTLA-4 (UC10-4B9, BD
Biosciences); anti-Foxp3 (FJK-16, eBioscience); anti-Ki-67 (B56, BD BioSciences)),
cells were fixed and permeabilized using the Foxp3/Transcription Factor Staining Kit
(eBioscience) following surface staining, and LIVE/DEAD-Violet reagent (Life

Technologies) was used for exclusion of non-viable cells. All flow cytometry data were



acquired on an LSR Il cytometer with standard filter sets using FACSDiva software (BD

Biosciences), and were further analyzed with FlowJo software (TreeStar).

Generation of conditional CTLA-4 knockout mouse. A conditional knockout
targeting vector for the Ctla4 gene was generated to contain three loxP sites: The first
and second loxP sites flank a selection cassette consisting of a neomycin resistance
gene (neo), under the control of the phosphoglycerate kinase (PGK) promoter and
thymidine kinase (TK) under the control of the herpes simplex virus (HSV) promoter.
This construct also contains diphtheria toxin (DTA) under the control of the PGK
promoter, which allows for selection against non-homologous recombination events.
Exons 2 and 3 of Ctla4 were inserted into the vector downstream of the selection
cassette and upstream of the third loxP site using a PCR-based approach, while the
flanking regions of the Ctla4 gene were cloned from a Ctla4-containing BAC using
standard techniques. The targeting vector was introduced into C57BL/6 ES cells by
electroporation and the resulting neomycin-resistant ES cells were screened for
homologous recombination. ES cells carrying the desired homologous recombination
event were subjected to a transient transfection with a Cre recombinase-expressing
plasmid in order to remove the selection cassette. ES cells still containing the selection
cassette were selected against using 1-(2-deoxy-2-fluoro-b-D-arabinofuranosyl)-5-
iodouridine (FIAU) and ES cells retaining the two loxP sites flanking exons 2 and 3 were
identified using a PCR-based approach and confirmed by genomic sequencing.
Positive clones were micro-injected into albino-B6 blastocysts and implanted into

pseudopregnant females to generate chimeras. Germ-line transmission of the ‘floxed’



Ctlad allele was achieved and heterozygous mice were then bred to homozygosity.
Breeding of Ctla4™ mice to B6.Cg-Tg(UBC-cre/ERT2)1Ejb/J was performed to obtain
tamoxifen-inducible deletion of Ctla4 and to Foxp3ECFPC®ERT2 mjce to obtain inducible

deletion on Treg only.

Tamoxifen-induced conditional deletion in UBC®®5R™ mice. To prepare tamoxifen
solution for injection, tamoxifen (Sigma) was dissolved in ethanol, diluted 1:20 in
sunflower oil, and sonicated for 5 minutes at 37°C. Mice were injected daily with 1 mg
tamoxifen intraperitoneally for 5 consecutive days, then rested for a minimum of 72

hours prior to any experimental manipulation.

EAE. MOGg3ss5 peptide (MEVGWYRSPFSRVVHLYRNGK) was synthesized at the
Biopolymer Laboratory, Department of Neurology, David Geffen School of Medicine at
UCLA; purity (>85%) was verified by HPLC. Amounts used were corrected for purity.
To induce EAE, groups of 8-12 week old mice were immunized with 150 pg of MOGg3s.s5
emulsified 1:1 in CFA with 400 pg of Mycobacterium tuberculosis H37RA (Difco
Laboratories) in the two flanks subcutaneously. 250 ng of pertussis toxin (List Biological
Laboratories) was injected intraperitoneally on the day of immunization and 2 d later.
Mice were observed daily for clinical signs of EAE up to 30 d after immunization, and
scored on a scale of 0-5: 0, no disease; 1, limp tail; 2, hind limb weakness; 3, hind limb
paralysis; 4, hind and fore limb paralysis; and 5, moribund state. Mean clinical score
was calculated by averaging the scores of all mice in each group, including animals that

did not develop EAE.



Histopathology. Tissues were fixed in 10% formalin, and paraffin-embedded sections
were stained with haematoxylin and eosin (H&E) or Luxol fast blue/periodic acid-Schiff
(LFB-PAS) for light microscopic analysis. Photomicrographs were acquired on an
Olympus BH-2 light microscope at the indicated magnifications using an Olympus DP71
camera and software provided by the manufacturer. Horizontal bars represent 200 pm
for 100x images and 50 um for 40x images. CNS pathology was scored blindly by a
neuropathologist (R.A.S.). Inflammatory foci in meninges and parenchyma were

counted as described previously (Sobel et al., 1990).

Gene expression quantitation by real-time quantitative PCR. Total RNA was
isolated using the RNEasy Mini Plus Kit (QIAGEN) and quantitated using a NanoDrop
1000 spectrophotometer (Thermo Fisher). cDNA was synthesized by reverse
transcription with random hexamer primers using the High Capacity cDNA Synthesis Kit
(Applied Biosystems). Real-time gPCR was performed using SYBR Green chemistry
(Roche) on a LightCycler 480 instrument; all samples were run in triplicate and no-
template control (NTC) samples included for each gene to exclude DNA contamination.
Primer sequences (CTLA-4 forward: 5- AGAACCATGCCCGGATTCTG-3, CTLA-4
reverse: 5- CATCTTGCTCAAAGAAACAGCAG-3’) were obtained from PrimerBank

(http://pga.mgh.harvard.edu/primerbank/) (Wang et al., 2012).

Gene expression quantitation by Nanostring analysis. Gene expression in sorted

Tconv and Treg populations was quantified using a custom nCounter probe set


http://pga.mgh.harvard.edu/primerbank/

containing 301 probe pairs, including additional probes for positive and negative
controls and housekeeping genes (NanoString Technologies)(Yosef et al., 2013).
Briefly, total cellular RNA was isolated and quantitated as above, and 100 ng was
hybridized with customized Reporter CodeSet and Capture ProbeSet (NanoString
Technologies) by overnight incubation in a thermal cycler at 65°C. The next day, flow
cell preparation and scanning were performed using an nCounter instrument
(Nanostring Technologies) according to the manufacturer’s instructions. Raw data were
normalized using nSolver software (Nanostring Technologies) and exported as raw
transcript counts for presentation. To normalize data, average background was
subtracted from raw count, and normalization was performed using the geometric mean
count from 4 housekeeping genes (Gapdh, Hprt, Actb, and Tubb5). Heat maps were

generated using GENE-E software (http://www.broadinstitute.org/cancer/software/

GENE-EJ).

Analysis of CNS-infiltrating mononuclear cells. Prior to dissection, mice were
perfused through the left ventricle with cold PBS. The brain and the spinal cord isolated,
and CNS tissue was minced with a sharp razor blade and digested for 20 min at 37 °C
with collagenase D (2.5 mg/ml; Roche) and DNasel (1 mg/ml; Sigma). Mononuclear
cells were isolated by passage of the tissue through a cell strainer (70 um), followed by
centrifugation through a Percoll gradient (37% and 70%). Mononuclear cells in the

interphase were removed, washed and resuspended in culture medium for analysis.


http://www.broadinstitute.org/cancer/software/%20GENE-E/
http://www.broadinstitute.org/cancer/software/%20GENE-E/

Intracellular cytokine staining. Cells from lymphoid organs were isolated and
restimulated with 50 ng/ml phorbol 12-myristate 13-acetate (PMA) and 500 ng/mi
ionomycin (both from Sigma) in the presence of GolgiStop (BD Biosciences) for 4-5

hours, then processed for flow cytometric analysis as described above.

Adoptive transfers. Bulk CD4" (isolated from spleens by CD4 Microbeads; Miltenyi
Biotec) or CD4'Foxp3-GFP~ (isolated from spleens by fluorescence-activated cell

/

sorting; FACS) were transferred to TCRa” or Ragl™ recipients that were then treated

with tamoxifen and immunized with MOG3s.55 to induce EAE.

In vitro Treg suppression assay. Responder Tconv were purified by sorting of
CD4'CD62L"CD25 T cells from CD45.1" congenic splenocytes and stained with
CellTrace Violet Cell Proliferation Kit (Molecular Probes) according to the
manufacturer’s instructions. CD4'Foxp3-GFP* Treg were purified by sorting from
splenocytes from tamoxifen-treated UBCC™ER™2*Ctlaa™ or UBCC™®ER™Ctlad™™ mice.
Dendritic cells were isolated from wild-type C57BL/6 spleens that were collagenase-
treated, using CD11c Microbeads and MACS columns (Miltenyi Biotec). Tconv and Treg
were co-cultured at varying ratios, in the presence of 10% dendritic cells and 2 pg/ml
anti-CD3, for three days. Co-cultures were then harvested and analyzed by flow-
cytometry. Responder Tconv were gated on CD4 and CD45.1 (7-AAD" cells were

excluded) and dilution of CellTrace Violet was assessed.



In vivo Treg suppression assay. This assay was adapted from Workman et al
(Workman et al., 2011). CD4 Foxp3-GFP" cells were purified by sorting from lymphoid
organs of Foxp3-GFPKI mice that were either UBCC™®ER™'Ctlag™ or
UBCC®ERT2*Ctla4™*.  CD4*CD62L"CD25 Tconv cells were purified by sorting from
lymphoid organs of CD45.1 congenic mice. Treg and Tconv cells were adoptively co-
transferred into Ragl” hosts, such that Treg cells comprised 25% of the total
transferred cell population; a separate group of mice received T¢ony Cells alone (positive
control). Recipients were treated with tamoxifen on days 0-4. Ten days after transfer,
mice were sacrificed and CD45.1°CD4" Tconv and CD45.1'CD4'Foxp3-GFP* Treg

were quantitated by cell counting and flow cytometric analysis of splenocytes.

Statistical analysis. Prism software (GraphPad) was used for statistical analysis.
Student’s two- tailed t-test was used for all pairwise comparisons. Differences were

considered statistically significant with a p value of 0.05 (*), 0.01 (**) or 0.001 (***).

Online supplemental material. Supplemental Figure 1 illustrates the strategy used to
generate the CTLA-4 conditional knockout mouse. Supplemental Figure 2 demonstrates
deletion of CTLA-4 in conditional knockout mice by gPCR. Supplemental Figure 3
demonstrates that CTLA-4 deletion during adulthood does not induce spontaneous
disease. Supplemental Figure 4 illustrates histological EAE in CTLA-4 conditional
knockout mice. Supplemental Figure 5 demonstrates that CTLA-4 deleted Tconv remain

pathogenic, and are capable of inducing EAE following adoptive transfer to lymphopenic



hosts in the absence of Treg. Supplemental Figure 6 demonstrates transcriptional

changes in CTLA-4 deleted Tconv and Treg.
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Figure Legends

Figure 1. Deletion of CTLA-4 induces resistance to EAE. Ctla4" mice that were
either UBC®™®ERT2 (Cre) or UBCC™ER™* (Cre*) were treated with tamoxifen and
assessed for CTLA-4 expression by intracellular staining before immunization (A) or
immunized with MOGs3s 55 to induce EAE (B). Data are representative of at least three

independent experiments (mean and s.e.m. for at least 7 mice per group).

Figure 2. Deletion of CTLA-4 leads to expanded and apparently activated T cell
populations. CD4" cells from mice immunized with MOGas.s5 to induce EAE were
analyzed at the peak (A-D) or onset (E) of disease for (A) the number of Foxp3™ and
Foxp3® cells, (B) the percentage of Foxp3™ cells, (C) intracellular staining for Ki-67, and
(D) surface staining for CD62L and CD44 within the cervical lymph node. (E) Brains
and spinal cords from MOGs3s.55 immunized mice were analyzed at the onset of disease.
Data are gated on CD4" T cells. Data are representative of at least two independent

experiments (mean and s.e.m. for at least 7 mice per group).

Figure 3. Dependence on deletion of CTLA-4 on Treg for resistance to EAE. (A)
CD4" cells or (B) 2D2*CD4" cells from UBC "ER™> (Cre”) or UBCC™ER™* (Cre*) donors
were adoptively transferred to (A) TCRa™ or (B) Ragl™ hosts, which were treated with
tamoxifen and immunized with MOGgs.55 to induce EAE. (C+D) Mice that were either
Foxp3°8CPICeERT2- (Cre”) or Foxp3®CTP/C®ERT2* (Cre*) and that had either one (Ctlad™™)

or two (Ctlad"™) conditional knockout Ctla4 alleles were treated with tamoxifen and



immunized with MOGas.s5 to induce EAE. Cervical lymph node CD4" T cells were
analyzed by intracellular staining for CTLA-4 protein (C) and mice were monitored for
clinical disease (D). Data are representative of at least two independent experiments (n

= 5 mice per group).

Figure 4. Specific deletion of CTLA-4 on Tconv leads to increased Tconv-specific
homeostatic expansion. CD4*Foxp3-GFP* cells from UBC®"® R™>Ctla4™ mice were
transferred with CD4"Foxp3-GFP™ cells from either UBC*"ER™*Ctla4d*"ROSA26'*"-STOP-
loxP-tdTomato (‘WT) or UBCCre/ERT2+Ct|a4fI/fIROSA26onP-STOP-onP-thomato (‘DEL’) mice to TCRa
" recipients, which were subsequently treated with tamoxifen and immunized with

MOGs3ss5. Treg and Tconv were quantified in the spleen. Data are representative of

three independent experiments (n = 4 mice per group).

Figure 5. Treg lacking CTLA-4 are functional in vitro and in vivo. (A) Wildtype
sorted CD4*CD62L"CD25 T cells from CD45.1* congenic splenocytes (Tconv) were
labelled with CellTrace Violet and co-cultured with sorted CD4 Foxp3-GFP* Treg from
UBCCERT2*Ctlag™ (Cre+) or UBCC"®ER™Ctlaa™ (Cre-) mice at the indicated ratios.
Cells were cultured in the presence of wild-type dendritic cells and soluble anti-CD3 for
3 days. Percent suppression was calculated relative to samples with no Treg based on
dilution of CellTrace Violet dilution. Right panel shows representative CellTrace
histograms for a 1:1 ratio of Treg:Tconv and no Treg control (data are pooled from two
independent experiments; five sorted Treg populations per group (each from 2-3 pooled

mice)). (B) CD45.1 Tconv (CD4'CD62L"CD25") were transferred to Ragl” recipients



with or without co-transfer of Treg from UBCC"®ER™2*Ctla4"™ or UBCC®ER™*Ctlad™* mice
and then treated with tamoxifen. Spleens were harvested on day 10 post-transfer and

the number of Tconv (left panel) and Treg (right panel) were quantitated (n = 4 mice per

group).

Figure 6. Deletion of CTLA-4 during adulthood leads to increased IL-10, PD-1 and
Lag3 expression. CD4" cells from UBCC™®ER™2*Ctla4" or UBCC™ER™Ctlaga™ mice
were immunized with MOGs3s.s5 to induce EAE and analyzed at the peak of disease for
cytokine production by intracellular staining. (A) Quantitation of IL-10 expression by
Tconv (Foxp3) and Treg (Foxp3®) splenocytes. (B) Quantitation of IFNy and IL-17F
production by Tconv (C) and IL-10 production among IFNy- and IL-17F-producing
Tconv (i.e., “double positive”) (D) in cLN. Data are gated on CD4" T cells and are

representative of at least two independent experiments (mean and s.e.m. for 4-6 mice

per group).

Figure 7. Treg lacking CTLA-4 impose a phenotype of increased IL-10, PD-1 and
Lag3 expression on Tconv. Mice that were Foxp3°CFPC®ERTZ* and that had either
one (Ctla4™) or two (Ctla4™) conditional knockout Ctla4 alleles were treated with
tamoxifen and immunized with MOGs3s.s5 to induce EAE. Mice were analyzed at peak of
disease for (A) the percentage of Foxp3® cells, (B) the number of Foxp3™ and Foxp3*
cells, (C) surface staining for CD62L and CD44, (D) intracellular staining for Ki-67, (E)
intracellular staining for IL-10, (F) surface staining for PD-1, (G) surface staining for Lag-

3. Data are representative of three independent experiments.



Tables

Table 1. EAE in UBC-Cre™ " mice with induced deletion of CTLA-4

Clinical EAE* Histological EAE
Incidence Day of Mean maximal Incidence  Meningeal  Parenchyma Total foci
onset score foci | foci
Mean + SE Mean * SE Mean + SE Mean + SE Mean + SE
Cre- 41/49 139+04 22+04 11/11 555+139 69.5+235 125.2+36.9
(all) (83.7%) (100%)
Cre+ 5/5 13.0+£0.7 35+0.2 4/4 106 £11.8 99.8+128 205.8+23.2
(sunflower oil) (100%) (100%)
Cre+ 16/44 141+1.0 04+0.3 12/13 10.2+338 55+23 156 +5.7
(tamoxifen) (36.4%) (p <0.0001)F (92.3%) (p=0.003) (p=0.007) (p = 0.004)

*Data are pooled from four independent experiments in which EAE was induced by immunization with 150 pg MOG 35-
55 subcutaneously, and administration of 250 ng pertussis toxin intraperitoneally on the day of immunization and two days
later. Mice with no disease were included in calculations of maximal score and histological EAE, but excluded from
calculations of day of disease onset.

+All p values are compared with Cre- control.



Table 11. EAE in Foxp3-Cre¥ ™ mice with Treg-specific induced deletion of CTLA-4

Clinical EAE*
Incidence Day of Mean maximal
onset score

Mean + SE Mean = SE

Cre- CTLA-4™" 7/8 11.9+05 29+05
(87.5%)

Cre+ CTLA-4™" 22 105+05 3.3+0.8
(100%)

Cre+ CTLA-4™* 12/13 12.0+1.1 27+03
(92.3%)

Cre+ CTLA-4™" 2/16 14.0 + 4.0 0.3+0.2
(12.5%) (p <0.0001)F

*Data are pooled from three independent experiments in which EAE was induced by immunization with 150 pg MOG 35-
55 subcutaneously, and administration of 250 ng pertussis toxin intraperitoneally on the day of immunization and two days
later. Mice with no disease were included in calculations of maximal score, but excluded from calculations of day of
disease onset.

+AIll p values are compared with Cre- control.
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Supplemental Figure Legends

Figure S1. Targeting strategy and map of construct used to generate CTLA-4
conditional knockout mouse. Exons of the Ctla4 gene are depicted by filled,
numbered boxes. Exon 1. leader; Exon 2: IgV; Exon 3: transmembrane; Exon 4:

cytoplasmic. Arrows indicate loxP sites.

Figure S2. Deletion of CTLA-4 on tamoxifen-treated UBCC"®ER™2*Ctla4™ mice.

Ctla4"™ mice that were either UBC™ER™ (Cre’) or UBCC"ERT2* (Cre*) were treated with
tamoxifen, and RNA was isolated from splenocytes and analyzed for CTLA-4
expression by qPCR. Expression of Rpll3a was used as the normalization standard.

Data are plotted as percent expression relative to Cre™ controls.

Figure S3. CTLA-4 deletion in adulthood does not induce autoimmunity. Ctla4™"
mice that were either UBC®"™®ER™ (Cre) or UBC®"™ER™* (Cre*) were treated with
tamoxifen at 8 weeks of age. At 6 months of age, mice were sacrificed, the indicated
organs were harvested and fixed in formalin, and paraffin-embedded sections were

stained with hematoxylin and eosin. All images are at 100x magnification.



Figure S4. Mice lacking CTLA-4 have reduced inflammatory foci in the CNS
following EAE induction. Ctlad" mice that were either UBC®®(R™ (Cre) or
UBCC™®ERT2* (Cre*) were treated with tamoxifen and immunized with MOG3s.ss to induce

EAE. At day 30 post immunization, CNS pathology was assessed. Data are

representative of at least three independent experiments.

Figure S5. Non-Treg deleted for Ctla4 are able to transfer EAE. Sorted CD4"Foxp3-
GFP T cells from either UBC®®ER™ (Cre") or UBC®"ERT?* (Cre*) mice were transferred
to TCRa™ recipients that were immediately treated with tamoxifen for 5 consecutive
days. Seven days after the transfer, mice were immunized with MOGg3s55 to induce

EAE, and monitored for disease development. n = 7 mice per group

Figure S6. Transcriptional analysis of CTLA-4 deleted Tconv and Treg. Ctla4™
mice that were either UBC®"™®ER™ (Cre) or UBC®"™ER™* (Cre*) were treated with
tamoxifen and immunized with MOGg3s.55 to induce EAE. At the peak of disease, mice
were sacrificed and Tconv and Treg cells were isolated from cervical lymph nodes by
cell sorting. RNA was isolated as described, and gene expression quantified by

NanoString analysis. Each column represents an individual mouse (3 mice per group).



5'CT5A-4 arm o, 3 CTkA-4 arm

Pyl Pyl Nhel 5 3 Avell Avr i
2162 by 4526 b
- Y risvrk] b | » £ PGK-DTA
>< Sl Xba Avr lI-sal ><
1 2 3 4
—& - I

l Homologous Recombination (S creen)

3 4

2
» [RETE | T D

Transient Cre Transfection (S creen)

2 3 4
= Do m ) e—

Breed to Cre-expressing strains

4
= D —

Supplemental Figure 1



% expression relative to WT

125+

100~

75+

50+

25-

Ctla4

B

Cre- Cre+

Supplemental Figure 2



Cre- Cre+
Vehicle Tamoxifen Vehicle Tamoxifen

Pancreas

Spleen

Stomach

Small
intestine

Large
intestine

Supplemental Figure 3



100x 400x

Cerebellum

Brain stem

Spinal cord

Supplemental Figure 4



Mean clinical score

201

1.59

CD4+Foxp3-GFP- —— TCRao-/-

-O- Cre-
-~ Cre+

5 10 15 20 25
Days post immunization

Supplemental Figure 5



relative
| aa—— |

row min row max

Tconv Treg
Cre- Cre+  Gene Name Cre- Cre+

IL1r2
IL1ri1
114

Ahr
Ebi3
Ccrd
Icos
Casp1
Ccer2
Bcl6
Tgfb1
L1cam
Stat6
Arnt1
Ddr1
Itch
Ifnra1
Nfe2l2
Cmtm6
Gp130
Zeb1
121r
Foxo1
7r
Cd160
KIf7
Csf2
Sgk1
Adrb2
Crebzf
KIf3
Smad7
IL12rb2
Lef1
Ifngr2
Gad1
ll4ra
Serpine2
Gpr56
Bcl2
Chrnb2
Procr
Prf1

[ |
||
O
[ |
||
||
[ |
m
|

- =
]

Supplemental Figure 6

Gene Name

1110
Lag3
Prdm1
Icos
11r2
Cer5
Ccr2
Cxcl3
1Mrn
Ccerd
Stat6
KIf7
Pdcd1
1d2
Smad7
Adrb2
Lef1
Tcf7
Acvr2a
Bclé
Jun
Ifngr2
W7r
Prf1
Bcl2



Supplemental Manuscript
Click here to download Supplemental Text & Figures: Sage et al aging manuscript.pdf

Suppressive TFR cells Contribute to Defective Antibody
Production in Aging

Peter T. Sagel, Catherine Tan', Gordon J. Freeman®, Marcia Haigis3 and Arlene H.
Sharpe'**

'Department of Microbiology and Immunobiology, Harvard Medical School, Boston,
MA, 02115

*Department of Medical Oncology, Dana-Farber Cancer Institute, Department of
Medicine, Harvard Medical School, Boston, MA, 02115

*Department of Cell Biology, Harvard Medical School, Boston, MA, 02115
*Department of Pathology, Brigham and Women’s Hospital, Boston, MA, 02115

*Correspondence: Arlene Sharpe@hms.harvard.edu

Running Title: TFR cells in Aging

Current character count= 30,294


http://www.editorialmanager.com/immunity/download.aspx?id=371534&guid=69b644c7-2db6-4935-9a3e-b6fa34101ebf&scheme=1

Abstract

Defective antibody production in aging is broadly attributed to immunosenescence,
however the precise immunological mechanisms are still not understood. Here we
demonstrate increases in both T follicular helper (TFH) and T follicular regulatory (TFR)
cells in aged mice, with an overrepresentation of TFR cells compared to TFH cells. Aged
TrH and TFR cells in aged mice are phenotypically distinct from those in young mice,
exhibiting increased PD-1 expression but decreased ICOS expression. Surprisingly, we
find that aged TFH cells are not globally defective, but instead are dysfunctional in
responding to specific antigen. PD-L1 blockade can rescue TFH cell function. In contrast,
young and aged TFR cells have similar suppressive capacity on a per cell basis in antigen-
specific suppression assays. Together these studies reveal a novel mechanism
contributing to defective humoral immunity in aging: the increase in suppressive TFR
cells in aged mice combined with impaired function of antigen-specific aged TFH cells

results in reduced T cell dependent antibody responses.



Introduction

It has been widely observed that the extent of humoral immunity, or immunity provided
by antibodies, decreases with age in both mice and humans (Goidl et al., 1976; Phair et
al., 1978). This decrease in humoral immunity within the elderly population translates
into increases in both the frequency and severity of infectious diseases in aged
individuals (Goronzy and Weyand, 2013). Furthermore, vaccination of the elderly
provides inadequate protection against most infectious diseases, leaving these individuals
vulnerable to a number of diseases (Sasaki et al., 2011; Goronzy and Weyand, 2013). In
contrast, vaccination of children and young adults provides effective protection.

The production of high affinity antibodies results from a complex interaction of B
cells with T follicular helper (TFH) cells in the germinal center reaction. TFH cells are a
subset of CD4" T cells that are uniquely specialized to help B cells. After differentiation,
CXCRS5" TFH cells migrate to the B cell follicle via gradients of CXCL13 and provide
help to B cells via costimulation (through ICOS and CD40L), as well as cytokine
production (via IL-21 and IL-4)(Breitfeld et al., 2000; Crotty, 2011). Mice lacking TFH
cells, or their key effector molecules, have severely defective antibody production in
response to T dependent antigens.

T follicular regulatory (TFR) cells are a recently defined specialized subset of
effector Tregs that inhibit antibody production (Chung et al., 2011; Linterman et al.,
2011; Sage et al., 2013; Wollenberg et al., 2011). TFR cells originate from natural Tregs
(Chung et al., 2011; Sage et al., 2013) in contrast to TFH cells which develop from naive
CD4" T cell precursors. Similarly to TFH cells, TFR cells express CXCRS, ICOS and PD-

1, as well as the transcription factor Bel6. PD-1 expression on TFR cells limits both the



differentiation and effector function of TFR cells (Sage et al., 2013). TFR cells suppress
antibody production potently in vitro and in vivo, but how they exert these suppressive
effects is not yet clear. We have demonstrated that the TFH/TFR ratio is an important
factor in humoral immunity that dictates the magnitude of antibody responses(Sage et al.,
2013). Therefore, successful humoral immunity is a delicate balance between
stimulatory TFH cells and inhibitory TFR cells, and not simply a result of a total number
of TFH cells. Importantly, TFR cells are specialized in their suppression of antibody
production as non-TFR Tregs do not have similar suppressive capabilities in vivo (Sage et
al., 2013). Therefore, the immune system has evolved specialized mechanisms to both
stimulate and suppress B cell responses.

The precise mechanisms leading to poor B cell responses in the aged are not
understood. In 1969, Walford used the term immunosenescence to describe the decline
in the immune system with age(Walford, 1969). In the T cell compartment, thymic
involution, leading to reduction in the output of naive T cells in the elderly, is one
hypothesized cause of immune system decline (Scollay et al., 1980). Reduced naive cell
output is similar for the B cell compartment in the bone marrow (Miller and Allman,
2003). Beyond a decrease in generation of naive lymphocytes (and in increase in
memory cells), there are also alterations in the ability of naive lymphocytes to become
activated and form memory cells (Haynes et al., 2003; Linton and Dorshkind, 2004).
Some, but not all, of these alterations can be rescued with addition of IL-2, since IL-2
production is attenuated with age (Haynes et al., 1999). Although decreased immune
responses are largely attributed to defects in naive cell populations, there are also

increased numbers of natural Tregs in lymphoid organs (but not the blood) (Jagger et al.,



2014). It is not yet clear if Tregs from aged individuals are equally or more suppressive
compared to Tregs from younger individuals (Nishioka et al., 2006; Raynor et al., 2012).
This ambiguity results, at least in part, from the mixture of different naive and effector
Treg subsets in vivo that may respond differently during aging. Despite a number of
studies that analyze the total CD4" T cell and Treg populations in the aged, it is still
unclear if alterations exist in TFH and TFR cells. A previous study found no difference in
CXCRS5" cells in aged mice, however TFR cells were not assessed (Eaton et al., 2004).
Understanding changes in these cells during aging is important because TFH and TFR
cells directly interact with cognate B cells and function to control antibody production.
In this study we compared TFH and TFR cell development and function in young
and aged mice. We find increases in both TFH and TFR cells in aged mice, however TFR
cells predominate. We additionally show that TFH cells from aged mice are able to
support antibody production, but they are defective in antigen-specific B cell stimulation.
Aged and young TFR cells, however, have comparable suppressive capacity. Thus, our
studies reveal a new mechanism to explain defective antibody responses in the aged: The
over-abundance of highly suppressive TFR cells in aged mice, together with the inability
of TFH cells to fully respond to specific antigen, results in an overall decrease in B cell

responsces.

Results and Discussion
Increased TFR Polarization in Aged Mice
To determine if altered TFH and TFR cells contribute to defective antibody production in

aged mice, we first compared antibody production in 2 month old (young) and 20 month



old (aged) C57BIl/6 mice 10 days after subcutaneous (s.c.) immunization with NP-OVA
in CFA, which promotes antibody production as well as TFH and TFR cell development
and function (Sage et al., 2013). We found that aged mice had greater total serum IgM
and IgG titers than young mice, however NP-specific IgG (but not IgM) antibody titers
were significantly lower (Fig. 1a). Therefore, aged mice produce less antigen-specific

antibody following immunization.

To understand the defect in antigen-specific antibody production in aged mice, we
next determined if TFH and/or TFR cells were altered in aged mice. First, we compared
TFH and TFR cells in the basal state (without immunization) in young and aged mice.
TFH cells, defined as CD4 TCOS 'CXCR5 FoxP3 CD19 cells were low in percentage in
the inguinal lymph node and blood of both unimmunized young and aged mice, with
slightly higher TFH cells in the blood of aged mice compared to young mice (Fig 1b).
The increased TFH cells in the blood of aged mice are likely to be memory cells, since we
have shown that blood TFH and TER cells have characteristics of memory cells ((Sage et
al., 2013; and manuscript submitted). TFR cells, defined as
CD4'ICOS'CXCRS5FoxP3'CD19" cells were also low in percentage in the inguinal
lymph node and blood of both unimmunized young and aged mice (Fig 1c).

Next, we compared the generation of TFH and TFR cells in young and aged mice upon
antigenic challenge. We immunized young and aged mice with NP-OVA s.c. and
measured TFH and TFR cell percentages in the draining lymph node (dLN) and blood 7
days later. TFH cells increased 3-fold by percentage in the dLN of aged mice compared to
young mice after immunization (Fig. 1d-e). Increased TFH percentages were also found

in the blood and spleen. TFR cells also increased sharply in the dLNs, blood and spleen of



immunized aged mice compared to young mice (Fig. 1d,f). We have previously
demonstrated that the TFR:TFH ratio, or the proportion of CXCR5" cells in or capable of
entering the germinal center that are FoxP3", predicts suppression of immune responses
(Sage et al., 2013). To assess this in aged mice, we calculated TR cells as a percentage
of total CD4'CXCRS5" cells. In the dLN, there was a marked overrepresentation of TFR
cells in the CXCRS" CD4" T cell pool, but this was not seen in the blood or spleen (Fig.
1g). The increase in TFR percentages of the total CD4 CXCR5" pool is partially due to
increased total Tregs (which are TFR precursors) in aged mice (Fig. 1h). These data
indicate in response to an antigenic stimulus, there is an accumulation of TFR cells that
increases the TFR:TFH ratio in dLN, which may account for defective antibody production

in aged mice.

Aged TFR cells express more PD-1 and less ICOS and accumulate in Peyer’s Patches
Next we determined if aged TFH and TFR cells were phenotypically distinct from young
TrH and TFR cells, and not just increased in proportion in CD4 FoxP3™ and CD4 FoxP3"
cell populations, respectively. We previously determined that PD-1 suppresses both the
differentiation and effector function of TFR cells (Sage et al., 2013). Therefore, we
compared PD-1 expression on TFR and TFH cells from young and aged mice immunized
with NP-OVA. We found substantial increases in the level of PD-1 expression on both
TFR and TFH cells in aged mice (Fig. 2a). Greater PD-1 expression may inhibit TFR (and
TrH) differentiation, function and maintenance. Increased PD-1 expression was not
unique to TFH and TER cells in aged mice, as CD4 CXCRS5" cells (a gate comprised

mostly of naive cells) also had slightly elevated PD-1 expression.



The costimulatory molecule ICOS is essential both for the differentiation of TFR
cells and the differentiation/maintenance of TFH cells. Therefore, we compared ICOS
expression levels on TFR and TFH cells from young and aged immunized mice. We
found that TFH cells from the dLN had lower ICOS expression in aged mice compared to
young mice (Fig. 2b). Additionally, TFR cells from the dLN had much lower expression
of ICOS in aged mice, compared to young mice. Decreased ICOS expression may
impact the functionality of both TFH and TFR cells. This phenotype was unique to TFH
and TFR cells, as we did not detect differences in ICOS expression on CD4 'CXCR5
FoxP3" cells or CD4 'CXCR5FoxP3" cells from the dLN after immunization.

Bcl6 is thought to be the master transcription factor for TFH cells, and is essential
for TFR cell differentiation (Linterman et al., 2011; Nurieva et al., 2009). Bcl6 is also an
oncogene frequently activated in non-hodgkins lymphoma, and expression of Bcl6 can
inhibit cellular senescence (Shvarts et al., 2002). When we measured Bcl6 expression in
TFH and TFR cells, we found no measurable differences between young and aged TFH and
TFR cells, demonstrating that altered Bcl6 expression in TFH and TFR cells is not
responsible for increased TFH and TFR expansion in immunized aged mice (Fig. 2¢).
However, both CD4 ' CXCR5 FoxP3™ and CD4 CXCR5 FoxP3" populations in aged mice
had significantly higher levels of Bcl6 compared to young mice, suggesting that higher
Bcl6 expression in TFR and TFH precursor cells may lead to increased differentiation and
result in increased TFR and TFH percentages in immunized aged mice.

Next we assessed cell death due to previous reports that aged Tregs had decreased
expression of the proapoptotic molecule BIM, which may lead to enhanced Treg survival

(Chougnet et al., 2011). Inhibition of cell death is one potential explanation for increases



in TFR cells in the aged mice. However, cell death, as measured by active caspase
staining with VAD-FMK was unchanged between young and aged TFH and TFR cells
(Fig. 2d). Cell activation, measured by expression of the cell cycle marker Ki67, was
significantly reduced; there were lower percentages of TFR and TFH cells in cell cycle in
aged mice compared to young mice (Fig. 2e). Therefore, increased cell cycling is not the
reason for the greater percentages of TFR or TFH cells in aged mice. The increased Bcl6
expression on TFH and TFR precursors in aged mice, combined with the lack of
significant differences in cell death and lower cell cycling, led us to hypothesize that
over-representation of TFR cells in aged mice may due to increased TFR cell generation
and not maintenance.

Since FoxP3 expression levels may control Treg suppression and stability
(Sakaguchi et al., 2013; Williams and Rudensky, 2007), we also compared FoxP3
expression in TFR cells from young and aged mice. TFR cells (as well as total Tregs) from
immunized aged mice had slightly attenuated FoxP3 levels compared to young mice (Fig.
2e), suggesting that TFR cells in aged mice may have defective suppressive capacity.
Taken together, these data indicate that TFR cells in aged mice are phenotypically distinct
from TFR cells in young mice and have increased PD-1, but attenuated ICOS and FoxP3
expression which may alter their effector functions and/or their stability.

Besides lymph nodes and blood, TFH cells can also reside in peyer’s patches (PP)
of the gut where they enhance IgA production (Tsuji et al., 2009). This led us to compare
TFH cells in PP of young and aged mice, and determine if TFR cells were present in PP.
The cues for TFH cell differentiation and persistence in the PP are thought to be supplied

constantly by the gut microbiota. We found a substantial population of TFH cells in PP of



unimmunized young mice, but the percentage of these cells was indistinguishable from
aged mice (Fig 2g and data not shown). It is not currently known if TFR cells reside
within the PP, however previously reported decreased IgA production in aged individuals
might be due to TFR cells. When we analyzed TFR cells in the PP, we found a substantial
population in the PP of both young and aged mice (Fig 2g). Since we found that the TFR
population is proportionally increased compared to TFH cells in LN of immunized aged
mice, we assessed the percentage of TFR cells of CXCRS5" cells in the PP. We found that
there was a larger contribution of TFR cells to the total CXCR5" CD4" T cell pool in PP
of aged mice compared to young mice (Fig 2g). This overrepresentation of TFR cells in
PP may lead to lower IgA production and contribute to a change in microbiota in the gut
in aged animals.

ICOS expression was also significantly attenuated on TFR cells, but not TFH cells,
in the PP of aged mice, suggesting that decreased ICOS expression on TFR cells is a
general phenotype of TFR cells in aged mice in a number of anatomical locations (Fig.
2h). FoxP3 expression in PP however, was similar in aged and young TFR cells, which
contrasts to the lower FoxP3 expression seen in LN TER cells from aged mice compared
to young mice (Fig. 2i). Taken together, these studies indicate that TFR are proportionally
increased in PP as well as LN cells of aged mice, and this increase may alter T cell

dependent antibody production in aged mice.

Aged TFH cells Have Less Antigen-specific Stimulatory Capacity

We next investigated TFH cell function in aged mice since immunosenescence has been

postulated to cause cell-intrinsic defects in effector cells in aging. It is important to
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separately analyze aged TFH cells and TFR cells because functional changes in both
populations may contribute to defective antibody production in aged mice. Therefore, we
compared the stimulatory capacity of purified young and aged TFH cells to determine if
aged TFH cells have cell-intrinsic defects in their ability to stimulate B cells. We first
used antigen-non-specific in vitro B cell class switch recombination assays that we
developed (manuscript submitted and (Sage et al., 2013)). In these assays, TFH cells
were sorted (sorted as CD4' TCOS'CXCR5 'GITR'CD19") from dLNs of young (2 month)
or aged (20 month) mice that were immunized with NP-OVA s.c. 7 days previously.
These TFH cells were cultured with young CD19" B cells (isolated from dLNs of
similarly immunized mice) along with anti-IgM and anti-CD3. These assays sensitively
assess cell-intrinsic TFH effector function separately from TFH differentiation and do not
depend on the antigen specificity of the TFH cell. Surprisingly, we found that young and
aged TFH cells similarly stimulated B cells to class switch to IgG1 and, therefore, there
was no evidence of altered intrinsic function in the TFH cell compartment of aged mice
(Fig. 3a). Without the addition of TFH cells, B cells expressed little IgG1 demonstrating
the strong stimulatory capacity of young and aged TFH cells. We next examined
expression of the germinal center and activation marker GL7 on B cells because we have
found that GL7 expression is a sensitive marker for B cell activation in these assays.
GL7 was similarly upregulated on B cells when either young or aged TFH cells were in
the cultures (Fig 3a). Moreover, intracellular expression of Bcl6 and Ki67 were similar in
young and aged TFH cells following culture with B cells (Fig. 3b). These unexpected
findings suggest that the young and aged TFH cells have comparable stimulatory capacity

in these in vitro antigen non-specific assays. Therefore, although numerous defects have
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been demonstrated in the CD4" T cell compartment with advancing age, TFH cells from
young and aged mice appear to have similar cell intrinsic capacity to participate in B cell
help.

The similar stimulatory capacity of young and aged TFH cells was perplexing
given the defective antibody production in immunized aged mice. Possibly, TFH cells
from aged mice were functional, but not antigen specific. To test this hypothesis, we
adapted the in vitro assays to assess antigen-specific responses. We cultured young B
cells with young or aged TFH cells (all sorted from dLNs of NP-OVA immunized mice)
along with NP-OVA for 6 days and measured B cell activation and class switch
recombination. Young TFH cells elicited ~twice as much class switching to IgG1 in
antigen-specific assays compared to antigen non-specific assays (Fig. 3¢). When we
compared young and aged TFH cells in these antigen specific assays, we found that aged
TFH cells stimulated B cells to undergo IgG1 or IgG2a class switch recombination
slightly less than young TFH cells (Fig. 3c). The activation marker GL7 was modestly
attenuated when aged TFH cells were used in the cultures compared to young TFH cells
(data not shown). A slightly lower percentage of aged TFH cells expressed Bel6 and Ki67
expression compared to young TFH cells (Fig. 3d). Therefore, the aged TFH cells in
antigen specific stimulation assays were slightly reduced, leading to modestly defective
antibody production by the B cells in vitro.

Next we determined if aged TFH cells had less stimulatory capacity in vivo in the
absence of aged TFR cells. To do this, we performed adoptive transfer experiments in
which TFH cells from dLNs of NP-OVA immunized young or aged mice cells were

adoptively transferred to young CD28" mice that were immunized with the same antigen.
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CD28™" recipients lack TFH and TFR cells, but have naive CD4" T cells, preventing
homeostatic proliferation, but allowing analyses of TFH cell function in vivo, as we have
described previously (Sage et al., 2013). These in vivo TFH transfer experiments
showed that aged TFH cells stimulated less GC B cell differentiation, plasma cell
formation and NP-specific antibody production in vivo compared to young TFH cells (Fig
3e-g). The function of aged TFH cells to support B cell responses was impaired to a much
greater extent in vivo compared to the modest defects seen in vitro. These differences in
severity of TFH cell dysfunction are likely due to the increased requirement for
proliferation during in vivo experiments compared to in vitro assays. Alternatively, it is
possible that TFH and/or B cells have a higher threshold for activation in vivo than in our
in vitro assays.

Since PD-1 is more highly expressed on aged TFH cells and PD-1 blockade has
been shown to enhance CD4" T cell cytokine production and CD8" proliferation in aged
mice (Lages et al., 2010; Mirza et al., 2010) we next determined whether PD-1 pathway
blockade could overcome some of the age-related defects in TFH cell function. We
analyzed the effects of a PD-L1 blocking antibody in the cultures of aged TFH cells with
NP-OVA. An anti-PD-L1 blocking antibody was able to substantially enhance the
stimulatory capacity of aged TFH cells in these antigen-specific B cell stimulation assays
(Fig 3h). Taken together, these data indicate that aged TFH cells are not intrinsically
defective, but instead show defects in activation following antigen-specific stimulation,
and PD-L1 blockade can improve the function of antigen-specific TFH cells significantly.
Thus, increased PD-1 expression on aged TFH may raise the threshold for activation of

aged TFH in response to antigen.
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Aged TFR cells Have Potent Suppressive Capacity
We next compared the suppressive function of young and aged TFR cells, since TFR cells
predominate in aged mice, but appear to be phenotypically distinct from young TFR cells.
First, we cultured young or aged dLN TFR cells with young dLN TFH and B cells using in
vitro non-antigen-specific assays and stimulated the cells using anti-CD3 and anti-IgM,
similarly to Fig. 3A. Both young and aged TFR cells were able to potently suppress class
switch recombination to IgG1 under these conditions (Fig 4a-b). Young and aged TFR
cells also were able to attenuate GL7 expression on B cells to almost levels of
unstimulated B cells. We also investigated whether young TFH cells were suppressed to a
similar degree as the B cells by young or aged TFR cells in these cultures. We assessed
Ki67 expression to determine the percentage of TFH cells in cell cycle at the end of the
culture. We found that young and aged TFR cells were comparable in their capacity to
suppress Ki67 expression in TFH cells (Fig 4¢). In addition, we compared the percentages
of young versus aged TFR cells in cell cycle in these cultures and found that a similarly
high proportion of young and aged TFR cells were in cell cycle (Fig 4d). Therefore, TFR
cells from young and aged mice have similar and potent intrinsic suppressive capacity to
inhibit B cell responses. Since TFR cells are greatly expanded in aged mice and these
cells have suppressive capacity comparable to young TFR cells, these data indicate that
the increase in TFR cells in aged mice is a major source of defective B cell responses.
Lastly, we analyzed TFR cell function using antigen-specific in vitro assays. We
previously determined that young TFR cells do not need to be antigen specific to suppress
B or TFH cells (manuscript submitted); however aged TFR cells may differ. We compared

the suppressive capacity of young and aged TFR cells in OV A-specific TFH stimulation
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assays. Aged and young TFR cells had virtually the same ability to suppress class switch
recombination to IgG1 when NP-OVA was added to the cultures (Fig 4e). However, we
did measure a significant decrease in the suppression of IgG2a by aged TFR cells
compared to young TFR cells, albeit this was a minor difference of ~0.5% of the IgG2a
(Fig 4f). When we examined Ki67 expression in the TFH cells, we found that there was
no significant difference in the suppression of this cell cycle marker by young or aged
TER cells (Fig 4g). In addition, aged and young TFR cells similarly suppressed IFN-y
production by TFH cells (Fig 4h). We also found no significant difference in Ki67
expression by young or aged TFR cells at the end of the suppression assay (Fig. 4i). These
data suggest that young and aged TFR cells have comparable suppressive function and are
similarly reactivated.

Together, these results provide novel insights into mechanisms of defective
antibody production in aging. We find an over-representation of functionally competent
suppressive TFR cells in aged mice, most likely resulting from enhanced differentiation of
TFR cells from FoxP3" CD4" regulatory T cells. We hypothesize that increased Bcl6
expression in the more numerous FoxP3" precursor cells overrides the potential
inhibitory effects resulting from increased PD-1 expression and leads to an increase in the
percentage of TFR cells. The marked increase in TFR cells, together with the decrease in
antigen-specific responses of TFH cells, results in a substantial defect in antibody
production in aged mice. Although other mechanisms such as defects in clonality and/or
number of naive B cells may also contribute, we hypothesize that the increase in TFR

cells is one of the major causes of impaired antibody production in aging. Therefore,
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modulation of TFR cells may provide a novel strategy for improving humoral immunity

responses in the elderly.

Methods

Mice. Young mice were 8 week old C57B1/6 mice and aged mice were 20 month old
C57Bl1/6 mice. Mice were obtained from the National Institute of Aging or Jackson Labs.
CD28" mice (Shahinian et al., 1993) were purchased from The Jackson Laboratory. All
mice were used according to the Harvard Medical School Standing Committee on
Animals and National Institutes of Animal Healthcare Guidelines. Animal protocols

were approved by the Harvard Medical School Standing Committee on Animals.

Immunizations. For standard NP-OV A immunizations, 100ug NP;5-OVA (Biosearch
Technologies) in a 1:1 H37RA CFA (DIFCO) emulsion was injected subcutaneously in
the flanks of young or aged mice. The inguinal lymph nodes (dLN), blood and spleen
were harvested seven days later. Peyer’s patches were harvested from unimmunized

mice.

Flow Cytometry. Cells harvested from lymphoid organs were isolated and resuspended
in staining buffer (PBS containing 1% fetal calf serum and 2mM EDTA) and stained with
directly labeled antibodies from Biolegend against CD4 (RM4-5), ICOS (15F9), CD19
(6D5), IL-17A (TC11-18H10.1), IFNy (XMG1.2), CD138 (281-2) and IgG2a (RMG2a-

62), from eBioscience against FoxP3 (FJK-168S), Bcl6 (mGI191E), and from BD
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Bioscience against GL7, Ki67 (B56) and IgG1 (A85-1). For CXCRS staining,
biotinylated anti-CXCRS5 (2G8, BD Biosciences) was used followed by streptavidin-
brilliant violet 421 (Biolegend). For intracellular staining of transcription factors and
Ki67, the FoxP3 fix/perm kit was used (eBioscience) after surface staining was
accomplished. For VAD-FMK staining the Caspglow kit was used according to
manufacturer’s instructions (eBioscience). For intracellular cytokine staining, cells were
incubated with 1ug/ml ionomycin (Sigma) and 500ng/ml PMA (Sigma) in the presence
of Golgistop (BD biosciences) for 4 hours prior to staining. All flow cytometry
experiments were analyzed with an LSR II (BD biosciences) using standard filter sets.
All cell sorting was performed on an Aria II cell sorter (BD biosciences) using a 70um

nozzle with 70psi pressure and the highest purity settings.

Adoptive Transfers. For young and aged TFH cell transfers, 10 young or 10 aged
C57Bl1/6 mice were immunized with NP-OV A subcutaneously as described above, and 7
days later dLN was harvested. 2x10° CD4'ICOS"CXCR5 GITR CD19  cells were sorted
and adoptively transferred to CD28" mice that were then immunized subcutaneously
with NP-OVA in CFA. 12 days later the draining lymph nodes and serum were harvested
from mice. Draining lymph nodes were analyzed by flow cytometry. Serum was isolated
from blood using serum separator tubes (BD vacutainer) and NP-specific IgG was

measured by ELISA as previously described (Sage et al., 2013).

In vitro Suppression Assay. After sorting, cells were counted on an Accuri cytometer

(BD biosciences). For young and aged non-antigen specific TFH stimulation assays,
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3x10* dLN CD4"ICOS'CXCR5'CD19°GITR TFH cells from young or aged mice were
plated with 5x10* CD19" young B cells (all purified from dLNs of immunized with NP-
OVA 7 days previously) and 2ug/ml soluble anti-CD3 (2C11, BioXcell) plus Sug/ml
anti-IgM (Jackson Immunoresearch) for 6 days. Cells were then harvested and stained
for flow cytometry analyses. Antigen specific assays were performed in a similar way,
except instead of anti-CD3 and anti-IgM, 20ug/ml NP-OVA was added to the cultures. In

some experiments 20ug/ml of anti-PD-L1 (clone 9G2) or isotype control was added to
the wells. For TFR cell suppression assays, 1.5x10* CD4'ICOS"CXCR5'CD19°GITR"
TFR cells from the dLN of young or aged mice immunized with NP-OVA 7 days

previously were added to the wells of TFH cell non-antigen specific or antigen-specific

assays. Cells were harvested and analyzed 6 days later.

Statistical Analysis. Unpaired Student’s t test was used for all comparisons, data

represented as mean +/- SD or SE are shown. P values < 0.05 were considered

statistically significant. * P<0.05, ** P<0.005, *** P<0.0005.
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Figure Legends

Figure 1. Increased TFR Cells in Aged Mice. (a) Comparison of antibody production in
aged mice. 2 (young) or 20 (aged) month old C57BIl/6 mice were immunized
subcutaneously (s.c.) with NP-OVA in CFA and 10 days later serum was collected and
total IgM and IgG (top) or NP-specific IgM and IgG (bottom) were analyzed by ELISA.
(b-¢) Percentages of TFH and TFR cells in unimmunized young and aged mice.
CD4'TICOS'CXCR5 FoxP3'CD19™ TFH (top) and CD4 TCOS 'CXCR5 FoxP3'CD19™ TFR
(bottom) were analyzed in young and aged mice. iLN = inguinal lymph node, (d-f)
Representative plots (d) and quantification of TFH (e) and TFR (f) cells from the draining
lymph nodes (dLNs) of young or aged mice 7 days after s.c. immunization. (g)
Quantification of the TFR contribution to total CD4 CXCR5" cells in the dLN of young
and aged mice after immunization. (h) Quantification of total FoxP3" cells in the dLN of

young or aged mice immunized with NP-OVA.

Figure 2. Aged TFR cells express more PD-1, less ICOS, and accumulate in Peyer’s
patches. (a) Comparison of PD-1 expression on young and aged TFR cells. CD4'ICOS’
CXCRS5 (CXCRS5-), CD4 TCOS'CXCR5 'FoxP3'CD19™ (TFH) and

CD4'TICOS'CXCR5 FoxP3"CD19" (TER) cells from the dLN of 2 (young) or 20 (aged)
month old mice immunized with NP-OVA s.c. 7 days previously were analyzed for PD-1
expression. Solid histogram indicates CXCRS™ population. (b) Comparison of ICOS
expression on young and aged TFR cells. CD4'CXCR5FoxP3'CD19" (FoxP3-CXCRS5-),
CD4'CXCR5FoxP3'CD19 (FoxP3+CXCRS5-), CD4'CXCR5 FoxP3'CD19 (TFH) and

CD4 'CXCR5FoxP3"CD19™ (TFR) cells from dLNs of mice immunized as in (a) were
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analyzed for ICOS expression. Representative histograms (left) and quantification (right)
are shown. (¢) Comparison of intracellular Bcl6 expression in young and aged TFR and
TFH cells. Populations as in (b) were intracellularly stained for Bel6. (d) Comparison of
cell death in aged TFR and TFH cells assessed by activated caspase staining. Populations
as in (a) were stained with active caspase binding reagent VAD-FMK. (e) Comparison
of cell cycling in young and aged TFR and TFH cells. Populations as in (a) were
intracellularly stained with anti-Ki67 to measure populations that are in cell cycle.

Gating strategy (left) and quantification (right) are shown. (f) Comparison of FoxP3
expression in TFR cells from dLNs of young or aged immunized mice. (g) TFR and TFH
cells in PP. Flow cytometric analysis of total ICOS"CXCRS5" cells in unimmunized
young and aged mice (left) and quantification of TFR cells as a percentage of
ICOS'CXCRS5" cells (right). (h) Comparison of ICOS expression on young and aged TFR
cells from PP. Populations as in (b) were analyzed for ICOS expression. (i) Comparison

of FoxP3 expression in TFR cells from PP of young or aged mice.

Figure 3. Aged TFH cells have defective antigen specific-antibody stimulatory capacity.
(a) Non-antigen specific antibody stimulation assays. CD4 ICOS'CXCR5'GITR CD19
(TFH) cells sorted from 10 pooled 2 (young) or 20 (aged) month old mice immunized
with NP-OVA subcutaneously 7 days previously were plated with CD19" B cells from
dLN of immunized young mice along with anti-CD3 and anti-IgM for 6 days. B cells
were surface stained for GL7 and intracellularly stained for IgG1. Representative plots
(left) and quantification (right) are pre-gated on CD19'TA" B cells. (b) Ki67 and Bcl6

staining of young or aged TFH cells from assays as in (a). (¢) Antigen-specific antibody
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stimulation assays. CD4 ICOS'CXCR5 " GITR'CD19" (TFH) cells sorted from 2 (young)
or 20 (aged) month old mice immunized with NP-OVA subcutaneously 7 days previously
were plated with CD19" B cells from dLN of NP-OVA immunized young mice along
with NP-OVA for 6 days. B cells were surface stained for GL7 and intracellularly stained
for IgG1 or IgG2a. (d) Ki67 and Bcl6 staining of young or aged TFH cells from assays as
in (c). (e-f) Comparison of young and aged TFH cell mediated B cell activation in vivo.
Young or aged TFH cells were sorted from NP-OVA immunized mice and adoptively
transferred to CD28”" recipients that were immunized with NP-OVA. 10 days later the
draining lymph nodes were harvested and germinal center B cells (e) or plasma cells (f)
were quantified. (g) NP-specific antibody titers were measured by ELISA. (h) Anti-PD-
L1 blocking antibody can enhance the stimulatory capacity of aged TFH cells. Aged TFH
cells were cultured with young B cells and NP-OVA as in (c) in the presence of aPD-L1

or isotype control. 6 days later B cells were quantified for class switch to IgG1.

Figure 4. Aged TFR cells potently suppress TFH mediated antibody production. (a) TFR
antigen non-specific suppression assays. Young or aged TFR cells were cultured with
young B cells and young TFH cells (all from the dLN NP-OV A immunized mice) in the
presence of anti-CD3 and anti-IgM. 6 days later B cells were surface stained for GL7
and intracellularly stained for IgG1. Representative plots are shown. (b) Quantification
of IgG1 'GL7" cells in plots in (a). (¢) Intracellular Ki67 staining on FoxP3 TrH cells from
cultures described in (a). (d) Intracellular Ki67 staining on FoxP3' TR cells from
cultures described in (a). (e) Aged TFR cells potently suppress antibody formation in

antigen specific suppression assays. Sorted CD4 TCOS'CXCR5'GITR 'CD19™ (TFR) cells
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from 2 (young) or 20 (aged) month old mice immunized with NP-OV A subcutaneously 7
days previously were cultured with TFH and B cells from NP-OVA immunized young
mice in the presence of NP-OVA. 6 days later B cells were stained for surface GL7 or
intracellular IgG1. B cells were identified as CD19'TA". (f) Intracellular staining of
IgG2a in CD19'TA" B cells from experiments as in (e). (g) Intracellular Ki67 staining on
CD4 FoxP3™ TrH cells from cultures as in (e). (h) Intracellular staining of IFNy and
IL17A in TFH cells from cultures as in (e) after PMA/ionomycin stimulation for 4 hours.

(i) Intracellular staining of Ki67 in young or aged TFR cells from cultures as in (e).
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